Optomechanical devices sensitively transduce and actuate motion of nanomechanical structures using light. Single-crystal diamond promises to improve the performance of optomechanical devices, while also providing opportunities to interface nanomechanics with diamond color center spins and related quantum technologies. Here we demonstrate dissipative waveguide-optomechanical coupling exceeding 35 GHz/nm to diamond nanobeams supporting both optical waveguide modes and mechanical resonances, and use this optomechanical coupling to measure nanobeam displacement with a sensitivity of 9.5 fm/ √ Hz and optical bandwidth > 150nm. The nanobeams are fabricated from bulk optical grade single-crystal diamond using a scalable undercut etching process, and support mechanical resonances with quality factor 2.5 × 10 5 at room temperature, and 7.2 × 10 5 in cryogenic conditions (5K). Mechanical self-oscillations, resulting from interplay between photothermal and optomechanical effects, are observed with amplitude exceeding 200 nm for sub-µW absorbed optical power, demonstrating the potential for optomechanical excitation and manipulation of diamond nanomechanical structures.
Nanophotonic optomechanical devices [1] [2] [3] [4] allow chip-based optical control of nanomechanical resonances with a precision reaching the standard quantum limit [5] [6] [7] [8] , enabling tests of quantum nanomechanics [7, [9] [10] [11] , as well as technologies for sensing [4, [12] [13] [14] and information processing [15] [16] [17] . Single crystal diamond devices are particularly exciting for these applications. In addition to possessing desirable mechanical and optical properties, diamond hosts color centers [18] whose highly coherent electronic and nuclear spins are promising for quantum technologies. Recently, piezoelectric-actuated nanomechanical manipulation of electronic spins in diamond color centers [19] [20] [21] and quantum dots [22, 23] have illuminated the possibility of using diamond nanomechanical devices [24] [25] [26] [27] [28] to mediate phonon-spin interactions at the quantum level. Adding optomechanical functionality to these devices will allow efficient coherent optical manipulation and readout of the nanomechanical stuctures, and provide a path towards implementing an efficient interface between optical, mechanical and electronic quantum systems. Such an interface would play a crucial role in many proposed studies, including normal mode cooling [29, 30] , quantum nonlinear optomechanics [31] , and spin-squeezing [32] .
Here we demonstrate a diamond waveguide optomechanical system providing sensitive and broadband readout of ultrahigh mechanical quality factor (Q m ) resonances which can be excited into large amplitude optomechanical self-oscillations, revealing the nonlinear nanomechanical properties of the nanobeams. Dissipative optomechanical coupling in this system relies on efficient phase-matched evanescent coupling between a fiber taper waveguide and optical modes of ultrahigh-Q m diamond nanobeam resonators. The nanobeams are fab- * pbarclay@ucalgary.ca ricated from single-crystal diamond chips using oxygen plasma undercut etching. They support mechanical resonances whose motion is transduced by the optical fiber taper-nanobeam coupling, resulting in an optomechanical interaction characterized by an effective dissipative optomechanical coupling coefficient of 35 GHz/nm, and a displacement sensitivity of 9.5 fm/ √ Hz. In combination with low nanobeam mechanical dissipation (Q m > 7.2×10 5 ), interplay between pN photothermal forces and optomechanical coupling is shown to excite nanomechanical self-oscillations with amplitude > 200 nm, which renormalize the nanobeam mechanical frequency and provide a measure of the nanobeam's internal stress and buckling amplitude. The excellent displacement sensitivity, broadband coupling, and ultrahigh-Q m demonstrated here will enable diamond nanobeam waveguide optomechanical implementations of sensors [10, 26] and quantum nanomechanical systems [6, 7] , while the ability to optomechanically excite nanomechanical resonances shows the potential for optical manipulation of local stress fields and accompanying phonon-spin coupling in diamond color centers [19] [20] [21] [33] [34] [35] , and realization of hybrid photon-spin-phonon systems [31] .
I. WAVEGUIDE OPTOMECHANICS
Experiments in diamond nanophotonics and nanomechanics have recently been advanced by the availability of high-quality diamond chips grown using chemical vapor deposition. While optomechanical devices can be fabricated from polycrystalline diamond films [27] , single crystal diamond thin films which retain the desirable combination of optical, mechanical and quantum electronic properties introduced above are not commercially available, and must be manufactured using ion-implantation [36] [37] [38] or wafer-bonding [25, 26, 39, 40] techniques. Fab- rication of devices directly from bulk single crystal diamond chips is desirable, and until now has relied on either ion beam milling [41] , or less damaging and more scalable inductively coupled plasma reactive ion (ICPRIE) Faraday cage angled-etching [28, 42] . In this work we demonstrate an ICPRIE process which does not require a Faraday cage, and instead utilizes diamond undercut etching to fabricate nanobeams, such as those shown in Fig. 1(a) , from bulk single crystal diamond. This process, summarized in Fig. 2 and discussed in more detail in Appendix A, is inspired by earlier bulk silicon nanofabrication [43] and relies on an oxygen based ICPRIE process operated with zero-RF power, high-ICP power and an elevated sample temperature (250
• C) to etch diamond quasi-isotropically along diamond crystal planes. The process is uniform over the diamond chip area and is fully compatible with standard commercial etching tools.
Using this diamond undercutting process, nanobeams were fabricated with widths w = 300−540 nm and 750 nm and lengths L = 50−80 µm on the same chip. Nanobeam thickness d was adjusted by controlling the etching times together with the nanobeam width w. For the etch parameters used here, the nanobeam thickness was d ∼ 250 − 350 nm, depending on w. Owing to the crystalplane sensitive nature of the undercut etch, for the etch parameters used here the narrow nanobeams have a flat bottom surface, while the w = 750 nm nanobeams have a triangular bottom surface mimicking the ridge visible in Fig. 1(a) . These bottom surfaces can be flattened by longer undercut etching.
The fabricated nanobeams support mechanical resonances, the lowest order of which are illustrated in Fig.  1(b) , with frequencies and effective mass in the MHz and pg range, respectively. The nanobeams also support waveguide modes, which can be evanescently coupled with high efficiency to an optical fiber taper [44] , as shown schematically in Fig. 1(b) , by tuning the device geometry to match the nanobeam mode phase velocity with that of a fiber taper mode. Despite the refractive index difference of the SiO 2 fiber taper and diamond, phase-matching is realized in nanobeams with subwavelength cross-section. This is illustrated in Fig.  1 (c) which shows the effective refractive index dispersion, n eff (λ), of the fundamental TE modes of a fiber taper and of a diamond nanobeam, together with that of the "supermodes" of the evanescently coupled waveguides (n ± eff ) [45] . Phase-matching occurs at λ o ∼ 1570 nm, where an anti-crossing in n ± eff (λ) indicates that the waveguide modes are coupled.
Evanescent waveguide coupling, which has been well studied in the context of photonic and optoelectronic devices [45, 46] , is shown here to provide sensitive optomechanical readout of mechanical fluctuations which modulate the waveguide separation, h. In contrast to cavity-optomechanical systems which exploit dispersive coupling between mechanical fluctuations and narrowband optical resonances [47] , waveguide optomechanical coupling utilizes wide-band dissipative optical transduction of the nanobeam mechanical position. The sensitivity of the evanescent waveguide optomechanical coupling can be derived from coupled-mode theory (Appendix B), and is determined by the dependence of the normalized fiber taper transmission, T on the separation h between the waveguides:
Here L c is the coupler interaction length determined by the fiber taper geometry, ∆β(λ) = ∆n eff (λ)2π/λ is the propagation constant mismatch of the uncoupled waveguide modes, s 2 = κ 2 + ∆β 2 /4. κ(h) is the per-unit length amplitude coupling coefficient, which depends on the overlap of the evanescent fields of the coupled waveguides. The theoretical displacement sensitivity achievable by monitoring fluctuations in T is
where S d p is the single-sided noise equivalent optical power spectral density (units of W 2 /Hz) of the detector and technical noise, and P d is the detected output power in absence of coupling (T = 1). The first term in the numerator accounts for photon shot noise, where η qe is the detector quantum efficiency. This expression neglects radiation pressure backaction, which is not significant for the measurements presented here, but will ultimately limit s o x . The impact of coupler geometry, operating condition, and waveguide design on detection sensitivity is described by the denominator of Eq. (2). Sensitivity is maximized for mechanical resonances whose displacement x efficiently modulates h, i.e., |∂h/∂x| ∼ 1. Strong evanescent overlap enhances |∂κ/∂h|, while phase-matching and operation near κ(h)L c ∼ π/4, 3π/4, ... maximizes |∂T /∂κ|.
Experimental observation of the optomechanical properties of the diamond waveguide optomechanical system was performed by measuring T (t) = T + δT (t) of a dimpled optical fiber taper [44] positioned in the nanobeam near-field for varying h and λ. The efficiency of the evanescent coupling determines the time-averaged transmission, T . Fluctuations of the nanobeam position, together with other noise, are imprinted on δT (t). Figure  3 Fig. 1(c) , and increasing w was observed to increase λ o (Fig. 3(a) consistent with expected behavior.
The coherent nature of the waveguide coupling is revealed by T o (h). As shown in Fig. 3(b) , T o (h) is minimized at h ∼ 200 nm, where κL c = π/2. For h < 200 nm, T o increases with decreasing h due to the co-directional coupling undergoing more than a half "flop" and light coupled into the nanobeam being out-coupled back into the fiber taper [46] . In contrast, incoherent scattering loss increases monotonically with decreasing h [48] , and is small in the system studied here. As shown in Fig.  3(b) , Eq. (1) fits T o (h) well with an exponentially decaying κ(h) as a fitting parameter, which in turn agrees closely with κ(h) predicted from coupled-mode theory for interaction length L c ∼ 7 µm. This L c is consistent with the observed curvature in optical images of the fiber taper dimple.
The optomechanical properties of the coupled waveguides were observed from the power spectral density S v (f ) of the photodetected signal generated by fluctuations in output power P d δT (t). Figure 4 is below that of other broadband integrated waveguide measurements [27, 48, 49] , and is more than an order of magnitude more sensitive than typical free-space reflection measurement techniques [28] . This sensitivity can be further improved to the sub-fm/Hz Fig. 4 (a) due to operating at lower P d . dT /dh is related to the effective dissipative optomechanical coupling coefficient of the system, defined by the change in waveguide tunneling rate of photons in the coupling region for a given change in h:
GHz/nm where c/n g is the group velocity of light in the coupler.
Nanobeam mechanical dissipation in the measurements discussed above was dominated by damping from the ambient air environment. To assess the nanobeam mechanical properties, measurements were performed in vacuum and low-temperature conditions. Generally, after reducing air damping Q m was observed to increase above 10 4 in all device geometries, with the lowest dissipation (Q m > 10 for the v 1 and h 1 modes, respectively. These values of Q m are higher than previous reports of nanomechanical devices fabricated from single crystal optical grade diamond [25, 26, 28] . All measurements were made at low power to avoid inducing optomechanical linewidth narrowing. Fabricating devices from electronic grade material or with larger dimensions may allow for further increased in Q m , as in Ref. [26] . Given the demonstrated device performance, the measurement precision required to reach the standard quantum limit is s
Hz where m = 23 pg is the effective mass of the h 1 resonance [9] . While this is ∼ 3 times smaller than the measurement sensitivity demonstrated here, promising approaches for reducing s o x below s SQL x include improving the optomechanical coupling by increasing L c , and fabricating higher-Q m devices from electronic grade diamond material [26] .
II. TUNABLE NONLINEAR DYNAMICS
Backaction from waveguide optomechanical coupling can dramatically modify the nanobeam dynamics, and is shown here to amplify the nanobeam motion and reveal nonlinear nanomechanical properties of the device. These effects can be tuned by adjusting the waveguide position, and depend critically on the presence of internal stress in the nanobeam. Demonstration of optomechanically modified nanobeam dynamics is shown in Fig. 5(a) , where time-resolved T (t) of a fiber taper coupled to a highaspect ratio nanobeam (L×w ×d = 80×0.48×0.25 µm 3 )
in a vacuum environment is recorded while h is discretely stepped (30 nm/step, 0.8 steps/s, P i ∼ 300 µW). For large h, T (h) behaves similarly to the ambient condition measurements in Fig. 4 (a). However, at h ∼ 400 nm fluctuations δT (t) become large-amplitude self-oscillations with a peak-to-peak change ∆T > 0.3, corresponding to nanobeam displacement exceeding 200 nm, as illustrated in the inset to Fig. 5(a) . To the best of our knowledge, this amplitude is larger than in previous reports of onchip externally driven single crystal [50] and polycrystalline [27] diamond nanobeams. Finite elements simulations predict a variation of axial stress at the center of the nanobeam on the order of 70 MPa for the v 1 resonance of the compressed nanobeam oscillating with this amplitude. When h < 225 nm, the self-oscillations stop. is observed to increase in amplitude, shift to lower frequency, and generate harmonics. In contrast to diamond nanobeam oscillations driven by external actuation [50] or resonant optical modulation [27] , the observed self-oscillations are driven by the dynamic interaction between a delayed photothermal force [51, 52] and the waveguide optomechanical coupling. The resulting optomechanical backaction renormalizes the mechanical dissipation rate from γ m to γ m ,
where τ is photothermal force response time, and F is the photothermal force strength per unit absorbed power P abs = (1 − T )P i ζL i , defined by the corresponding nanobeam deflection and spring constant k = mω 2 m of the mode of interest. L i is the distance over which input light propagates in the nanobeam before being out-coupled, and ζ is the waveguide absorption coefficient per unit length. Figure 5 (c) compares experimentally observed γ m (h) with theoretical values obtained from Eq. (3) input with measured T (h) as well as parameters discussed below. Predicted γ m (h) agrees well with experiment, particularly in reproducing the range of h over which the optomechanical coupling (|dT /dx|) is sufficiently large such for γ m < 0, resulting in self-oscillations. Note that disagreement for h < 100 nm is in part related coupling between fluctuating fiber position and ω m , which becomes significant compared to γ m for small h (see Appendix F.)
In addition to exhibiting ultrahigh-Q m and strong dissipative optomechanical coupling, the nanobeams have two properties which make them sensitive to optomechanical photothermal actuation. The nanobeam thermal time constant τ ∼ 0.7 µs, calculated using finite element simulations, is on the same timescale as ω m . As seen from Eq. (3), this is a necessary condition for significant feedback from the photothermal force [51] [52] [53] [54] . A more subtle but equally important property is the presence of compressive stress and accompanying buckling in the nanobeam, which as discussed below, dramatically enhances F. For the nanobeam geometry studied here, finite element analysis presented in Appendix F indicates that F can be enhanced by over two orders of magnitude in a compressed and buckled nanobeam. The level of compressive stress in a nanobeam can be estimated from the deviation of ω m from the nominal value expected for an uncompressed device [28] . The nanobeam studied in Fig. 5 is observed to be in a post-buckled state with measured ω m /2π ∼ 430 Hz significantly lower than the nominal value expected (680 kHz) for an uncompressed nanobeam. Matching finite element simulated and observed ω m predicts an internal compressive stress of ∼ 37 MPa and an accompanying buckling amplitude of x = −122 nm. For this value of internal stress and buckling, a photothermal force of F = −26 pN/µW is predicted, which is over 100 times larger than predicted for an uncompressed device. Note that the negative signs of F and x indicate that the photothermal force and buckling amplitude are in the down direction, consistent with all of the self-oscillation behavior discussed in this section.
Given the above device parameters, the only free fitting parameter needed to match Eq. (3) with experiment is the waveguide absorption coefficient, which is found to be ζ = 0.12 cm −1 , corresponding to an optical loss rate effective quality factor of Q o ∼ 6.6×10
5 . This absorption rate is consistent with loss in other diamond nanophotonic devices [42] , and indicates that only a fraction (∼ 100 nW) of the input power is absorbed and responsible for driving the self-oscillations.
Nonlinear coupling between nanobeam oscillation amplitude and ω m provides an additional probe of the internal stress and buckled state of the device. Softening of the mechanical resonance frequency by ∆ω m (h) is observed at the onset of self-oscillations, as highlighted in Fig. 5(b) . Nanobeam softening and hardening is a well known indicator of internal stress [27, 50] , and the softening observed here is found to be closely related to the buckled nanobeam state. Nanobeam buckling breaks the device vertical symmetry and introduces a nonlinear softening term to the nanobeam dynamics which counteracts the hardening effect described by the intrinsic Duffing nonlinearity [55] . This competition between nonlinear effects is given by,
where v is the oscillation amplitude, and α 3 is the Duffing coefficient of the unbuckled nanobeam as described in Appendix F. Equation (4) clearly shows the softening influence of x. The optomechanical system studied here provides a direct measurement of ∆ω m and v for varying h, allowing x to be estimated experimentally. Figure 5 
During the self-oscillation limit-cycle, a low fundamental self-oscillation frequency of ∼ 180 kHz is measured, consistent with the behavior of a nanomechanical resonator oscillating between buckled states, as observed by Bagheri et al. [15] . Further evidence of this behavior is found in Fig. 5 (a), which shows that during selfoscillations T decreases, indicating that the nanobeam, initially in a buckled down state, moves on-average closer to the fiber taper while self-oscillating. Note that harmonics which emerge during self-oscillation, becoming stronger and more numerous as v increases, result from both the nonlinear response of T (h) and nonlinearities of the nanobeam [56] .
III. DISCUSSION AND CONCLUSION
The waveguide optomechanical interface demonstrated here possess a unique combination of high sensitivity, broad bandwidth, high quality single-crystal diamond material, and high-Q m , and has potential to allow measurement of quantum motion of nanobeam resonances. Excitation of nanomechanical self-oscillations with nW absorbed power illustrates the sensitivity of the diamond nanobeams to small driving forces, and their nonlinear dynamical softening provides a glimpse of the changing stress within the nanobeam during large amplitude oscillations. This demonstration of optomechanical excitation of the diamond nanomechanical environment is a step towards optomechanical control of quantum electronic systems such as nitrogen vacancies [19-21, 32, 34] . It is promising for implementations of nanomechanical logic in diamond [15] , and can be extended to use the optical gradient force for optomechanical nanobeam actuation, enabling excitation of higher frequency resonances of smaller structures [2] . Finally, the scalable nanofabrication technique demonstrated here is widely applicable to diamond nanophotonic devices for sensing, nonlinear optics, and quantum information processing, and can be easily adopted by researchers with access to standard nanofabrication tools. Extending this approach to integrate an optical cavity into the waveguide optomechanical system, for example by patterning the waveguide ends with mirrors [42] , will allow studies of dissipative optomechanical cooling of the nanobeam resonances in the unresolved-sideband regime [57] .
The fabrication process flow is outlined in Figure 2 . A chemical-vapor-deposition-grown, 100 -oriented single crystal diamond optical-grade substrate (Element 6) is cleaned in boiling piranha (3:1 H 2 SO 4 :H 2 O 2 ) and coated with a 300-nm-thick layer of PECVD Si 3 N 4 as a hard mask. Next, 2 − 5 nm of titanium is deposited as an anti-charging layer. Nanobeam structures with axes aligned along the 110 direction are patterned in ZEP520A electron-beam lithography resist and developed at −15 o C in ZED-N50. The resulting ZEP pattern is transfered to the nitride hard mask using an inductively-coupled plasma reactive-ion etch (ICPRIE) process with C 4 F 8 /SF 6 chemistry. An anisotropic oxygen plasma ICPRIE step transfers the pattern to the diamond, followed by a 160-nm-thick conformal coating of PECVD Si 3 N 4 to protect the vertical diamond sidewalls. A short anisotropic C 4 F 8 /SF 6 ICPRIE step clears the nitride from the bottom of the windows while keeping the side and top surface of the devices protected. To create suspended nanobeams, a quasi-isotropic oxygen plasma etch [58] is performed at 2500 W ICP power, 0 W RF, and elevated wafer temperature of 250 o C. This etch step is relatively slow, requiring ∼ 5 hours to undercut the nanobeams studied here. The undercut etch rate was observed to increase at higher-ICP power, however this option was not available for the devices fabricated for this report. An Oxford Plasmalab is used for all plasma etch steps. Finally, the titanium and nitride layers are removed by wet-etching in 49% HF, and the sample is cleaned a second time in boiling piranha. Note that adding an second vertical diamond etching step immediately prior to the quasi-isotropic etch is expected to reduce the necessary undercut time, as in the related SCREAM silicon process [43] .
Appendix B: Evanescent coupling to diamond nanobeams
Numerical prediction of the coupling coefficient κ(h) describing the interaction between the nanobeam and fiber taper waveguide modes can be obtained from the optical dispersion of the eigenmodes of the coupled waveguides ("supermodes"). This process is described below.
The field propagating through the coupled waveguide system can be represented as a superposition of modes of the uncoupled optical fiber taper and diamond nanobeam. In the case of waveguides with two nearly phase-matched co-propagating (positive group velocity) modes, this evolution can be approximately described by coupled mode equations describing the field amplitude a f,n (z) in the fiber and nanobeam waveguides, respectively, as a function of propagation distance z through the coupling region:
where β f and β n are the λ dependent propagation constants of the uncoupled fiber and nanobeam modes, respectively. Also included in this model are "self-term" corrections κ ff,nn (h) to β f,n resulting from the modification of the local dielectric environment by the coupled waveguides. From Eqs. (B1) and (B2), supermodes of the coupled waveguides, can be found with z dependence e −iβ±z , where
withβ f,n = β f,n (λ)+κ ff,nn (h) [45] . Supplementary Figure  6 shows β ± (h, λ) calculated with a mode solver (Lumerical MODE Solutions). κ(h) and κ ff,nn (h) were then determined by fitting β ± (h, λ) with Eq. (B3), where numerically calculated β f,n (λ) of the uncoupled waveguides are known input parameters. The resulting values for κ(h) and κ ff,nn (h), shown in Supplementary Fig. 7 , are found to decay exponentially with h. For simplicity, it was assumed that κ ff = κ nn during the fitting process. Note that while κ(h) decays over a length-scale comparable to the waveguide evanescent field decay, κ ff,nn (h) are near-field terms which decay much more quickly, and do not significantly impact the predicted values of κ(h) for h > 100 nm. For a given h, β ± (λ) can be converted to an effective index dispersion curve, n ± (λ) = β ± (λ)λ/2π, as shown in Fig. 1(c) , which clearly exhibits an anticrossing near β f = β n whose width scales with |κ|. The excellent agreement between the numerically calculated β ± and the semi-analytic model described by Eq. (B3) indicates that this model is suitable for predicting the waveguide coupling. The coupler response can also be predicted from this coupled mode analysis. Solving Eqs. (B1) and (B2) with boundary condition corresponding to unity input power to the fiber taper (|a f (0)| 2 = 1, |a n (0)| 2 = 0), results in the taper transmission T (λ, h) given by Eq. (1) in the main text. 
Appendix C: Measurement setup
The optomechanical properties of the diamond nanobeam waveguides were studied by monitoring the optical transmission of a dimpled optical fiber taper positioned in the near field of devices of interest. The dimpled fiber taper was fabricated by modifying the procedure presented in Ref. [44] to use a cermanic mold for creating a dimple. Measurements performed in ambient conditions used high-resolution (50 nm) DC stepper motors to position the fiber taper. Vacuum (room temperature) and cryogenic measurements were performed in a closed cycle cryostat (Montana Systems Nanoscale Workstation) whose sample chamber is configured with stickslip and piezo positioning stages (Attocube) for controlling the sample and fiber taper positions. Before cooling, a turbo pump was used to evacuate the chamber to pressures in the 10 −5 Torr range. Room-temperature vacuum measurements were performed in these conditions. At 5K, cryo-pumping reduced the chamber pressure to the 10 −6 Torr range. During the low temperature measurements, the fiber taper was positioned in contact with lithographically defined supports on the diamond chip to reduce coupling of vibration from the cryostat cooling stages to low frequency resonances of the optical fiber taper. These supports, visible in Supplementary Fig. 4 , allow the fiber taper to be positioned in the nanobeam near-field without contacting the nanobeam.
Two external cavity tunable diode lasers (New Focus Velocity 6700) were used to probe the fiber taper transmission T over a wavelength range from 1475 -1625 nm. A New Focus 1811 photodetector (PD1) with a noise equivalent power S (det) P = 2.5 pW/ √ Hz was used to monitor the average (P d ) and fluctuating (δP d (t)) output power from the fiber taper. A New Focus 1623 detector (PD2) was also used in some measurements of P d .
A Tektronix RSA5106A real time spectrum analyzer (RSA) allowed fast spectral analysis during the experiments, and recording of IQ time-series of the PD1 output voltage V (t). All of the S v (f ) data presented here was generated in post-processing from V (t) data. By choosing a low center (demodulation) frequency (typically 0 or 2.5 MHz), and sampling V (t) with a bandwidth exceeding the nanobeam resonance frequencies (typically 5 MHz) both δT (t) and T could be recorded by the RSA. To avoid damaging the RSA with a large DC input, a pair of bias-Ts (Minicircuits ZFBT-6GWB+) together with electrical attenuators were used to reduce the low frequency (< 100 kHz) components of V (t). The selfoscillation data in Fig. 5 was then acquired in a single 45 s time-series while the fiber height above the sample was stepped in 30 nm increments. Attenuation of the lowfrequency signal was compensated for in post-processing.
Appendix D: Optomechanical transduction sensitivity
This section describes the procedure for predicting the theoretical measurement sensitivity of the optomechanical waveguide readout, and for extracting the experimentally observed measurement sensitivity from measured thermomechanical signals. Single-sided power spectral densities are used throughout.
a. Theoretical sensitivity
The displacement sensitivity of the waveguideoptomechanical system is determined by the minimum mechanical motion to actuate a signal larger than the noise floor of the measurement apparatus. For direct photodetection of the optical power transmitted by the waveguide, the power spectral density, S (s) v (f ), of the transduced signal from a mechanical displacement described by spectral density S x (f ) is
where g ti is the detector transimpedance gain, P d is the detected power in absence of coupling (T = 1), and |∂T /∂x| describes the optomechanical actuation of the coupler. Similarly, the measurement noise can be written as
describes noise intrinsic to the detector, and is related to the detector's noise equivalent power figure (S
. The contribution from photon shot noise is given by
where η qe is the detector quantum efficiency. Note that the impact of shot noise is affected by the operating point, T , of the coupler. This analysis does not consider optomechanical back-action, which is small for the optical powers used in the high sensitivity measurements presented here. To calculate the minimum detectable spectral density, S o x , we require unity signal to noise ratio, S
(D4) 
Alternately, ∂T /∂x can be measured experimentally by recording T (h) and determining dT /dh. This approach was used together with Eq. (D4) to generate the predicted measurement sensitivity in Fig. 4 , assuming that ∂h/∂x = −1.
b. Thermomechanical calibration
The observed thermal nanobeam motion was used to calibrate the measurement noise floor using a standard procedure described in, for example, Refs. [59, 60] . Thermomechanical resonances in S v (ω) were fit using S v (ω) = S 
and G is a constant determined by the transduction gain of the measurement, as described theoretically by Eq. (D1), and treated as a fitting parameter for the purpose of the calibration procedure. Here k B is Boltzmann's constant, T e is the operating temperature, and m is the effective mass of the resonance, as defined in Ref. [61] . From the fit values, spectra can be converted from electrical (W/Hz) to displacement (m 2 /Hz) power spectral density:
Appendix E: Optical gradient force
Dielectric objects in an evanescent field experience an optical gradient force. The optical gradient force between coupled waveguides can be predicted from n ± (h) using the formalism of Povinelli et al. [62] . Following this formalism, the force induced by power P ± in each of the supermodes is given by
Operating at phase matching with power P i input into the fiber taper, the power in the even and odd supermodes is P ± = P i /2, and the total optical gradient force on the nanobeam is
where positive (negative) F g indicates a repulsive (attractive) force. Supplementary Figure 8 shows the predicted F g (h)/L c P i , for varying alignment of the fiber taper with the center axis of the nanobeam. Corrections due to the curvature of the dimpled fiber taper are not considered explicitly, and are assumed to be accounted for by the effective coupler length L c extracted from the experimental measurements. Given this approximation, F g is constant over the interaction length of the ideal two-port waveguide coupler, and vanishes outside of the coupling region.
Appendix F: Nanobeam photothermal and nonlinear dynamics
Waveguide-optomechanical coupling was observed to induce nanobeam self-oscillations, as shown in the main text. Here we analyze this effect by modeling the nanobeam as a nonlinear harmonic oscillator interacting with the optical field of the coupled waveguides through a dynamic photothermal force and an instantaneous optical gradient force [1, 54, 63, 64] .
c. Nanobeam equation of motion
The dynamics of the nanobeam resonance driven by a stochastic thermal force, F s (t), and coupled to the optical fiber taper, are approximately described by the following equation of motion:
where x(t) is the displacement amplitude of the nanobeam mechanical resonance of interest, defined relative to the position of the undriven nanobeam. Changes in x modulate the nanobeam and the fiber taper spacing h, and for the case of the v 1 resonance, h(x) = h o − x(t) if the fiber taper is positioned h o above the center of the nanobeam. Optomechanical coupling arises from the dependence of the optical gradient force, F g (h(x)), and the photothermal force, F pt (h(x)), on nanobeam position. In addition, ω m varies due to internal strain resulting from optically induced changes in static deflection, x, and local nanobeam temperature relative to the environment, Θ. For sufficiently large |x(t)|, the nanobeam response becomes nonlinear, as described by α 2 and α 3 .
d. Thermal effects
Local heating of the nanobeam by waveguide optical absorption occurs on a timescale determined by the nanobeam geometry and material properties. The thermal dynamics of the nanobeam, defined by the maximum temperature change, Θ, relative to the operating temperature, are assumed to follow
where τ = 1/κ t is the nanobeam thermal time-constant and P n is the optical power coupled into the nanobeam. In absence of delayed optical feedback (i.e., a cavity), P n instantaneously follows x, and is given by
with T (h) described by Eq. (1) in the main text. Here ζ is the per-unit length absorption coefficient of the nanobeam waveguide, and R is the heating power per unit of absorbed optical power. Ideally, ζ is determined by the material properties of diamond, but in nanophotonic devices it can be modified by imperfect surfaces.
The effective nanobeam waveguide optical interaction length is given by
, and represents the distance over which light propagates in the nanobeam. It can be calculated from Eqs. (B1) and (B2).
Local heating of nanobeam waveguides induces deflections in the nanobeam position. We write the corresponding photothermal force as
where F is the force per unit absorbed power (L i ζP n ) in steady state. The resulting change in nanobeam deflection is δx pt = F pt /k where k = ω 2 m m is the nanobeam spring constant.
Local heating and accompanying thermal expansion of the device also modifies ω m . This effect is represented by
where C t is a constant related to the elastic properties of the nanobeam, and has units rads
e. Static response of compressed nanobeams
In general, C t and F sensitively depend on both the nanobeam elastic properties and geometry, and the internal residual stress acting on the device. The nanobeams used in the self-oscillation studies have significant internal stress, manifesting in smaller ω m than expected from their nominal dimensions, and can be in a buckled geometry as shown in the SEM image in Supplementary   Fig. 9 . To model nanobeam behavior in the presence of compressive stress and buckling, together with imperfect nanobeam shape and clamping points, we consider both an approximate analytic model, and finite elements simulations.
The behavior of an ideal beam under axial compressive loads has been widely analyzed [65] . For compressive axial load F i , ω m of a nanobeam with maximum deflection x can be expressed as
where ω i m is the resonance frequency of an ideal unloaded nanobeam, A is the nanobeam cross-sectional area, E is Young's modulus and F c is the critical buckling load. Equation (F6) is equivalent to the model presented in Ref. [55] , and reveals the interplay between deflection, axial load, and stiffness. For example, we see that dω m /dx ∝ x, which is a result of more efficient conversion of transverse actuation to axial strain with increasing nanobeam curvature. Locally heating the nanobeam modifies F i → F i + η EΘ, where is the thermal expansion coefficient of the nanobeam and 0 < η ≤ 1 is a geometric factor which accounts for non-uniform heating distribution of the nanobeam. In general, F i and x are not independent. However, in an ideally buckled nanobeam [65] , we can show that
indicating that photothermal deflection can be enhanced in buckled nanobeams with |x| > 0. Although the ideal nanobeam buckling model is instructive, it fails to reproduce experimental features such as deflection for axial load below the critical buckling load, and effects related to imperfect elastic clamping points and beam deformation [66] . To predict F and C t while including nanobeam non-idealities, we used finite element ANSYS software to simulate ω m and x as a function of axial and transverse loads, and for specified absorbed power. The results, summarized in Supplementary Fig. 10 and Table I, indicate that significant enhancement of F compared to an unloaded nanobeam are expected.
The simulations were conducted as follows. The simulated structure consists of a nanobeam with dimensions L × w × d = 80 × 0.48 × 0.25 µm 3 , and includes the surrounding diamond chip. Clamping point geometry was found to significantly affect the simulated nanobeam properties. In fabricated nanobeams, the undercut process results in relatively complex clamping point geometry. Here the clamping points were modeled with a triangular vertical profile roughly approximating that of fabricated structures, extending 0.5 µm on the nanobeam bottom surface and 1.0 µm vertically along the undercut sidewall, as shown in Supplementary Fig. 10(a) . ω m and x were then calculated as a function of in Supplementary Fig. 10(b) . Agreement between simulated and experimental ω m was realized at two values of F i , corresponding to pre-and post-buckled nanobeam states, with x = −9 nm and −123 nm, respectively, where negative x indicates buckling down.
F and C t were estimated by simulating changes to x and ω m when power P abs is uniformly absorbed across half of the nanobeam. During these simulations the bottom surface of the diamond substrate was fixed at constant temperature, and only conductive heat loss was considered. The corresponding temperature distribution was used to predict R and κ t , as summarized in Table  I . The photothermal results are shown in Supplementary  Fig. 10(c) , which plots the changes ∆x and ∆ω m in deflection and frequency, respectively, for P abs = 1 µW. These results clearly illustrate the sensitivity of photothermal effects on compressive stress and deflection, and indicate that F varies by over two orders of magnitude depending on the compressive axial loading of the nanobeam.
Simulations of ∆ω m when a vertical transverse load mimicking the optical gradient force is distributed along the coupling region of the nanobeam (length L c ) were also performed, and are shown in Supplementary Fig.  10(d) . These results show that dω m /dF g varies by nearly three orders of magnitude depending on the compressive axial load. 
where constant force terms resulting in changes to static nanobeam deflection x have been left out for clarity but are included implicitly in ω m (x). Rearranging terms reveals the optomechanical renormalization of the nanobeam dynamics, where dF pt /dx = −FζL i P i dT /dx. Static effects modify the unperturbed resonance frequency ω o m according to
Equations (F10), (F11) and (F12) illustrate that combinations of mechanical softening or hardening, and amplification or damping are possible. Higher order thermoelastic effects [54] are predicted to be small and are not included in this analysis.
g. Nonlinear dynamics: large-amplitude oscillations
When γ m approaches zero, the amplitude of mechanical oscillations about the static (i.e., buckled) position grows, and nonlinear contributions to the system dynamics become significant. These nonlinear modifications originate from mechanisms intrinsic to the nanomechanical device geometry, or to the optomechanical response of the system, and are characterized here by non-zero α 2,3 and d n T /dx n (n > 1), respectively. Two nonlinear features observed in Fig. 5 are a softening in ω m at the onset of self-oscillation, and frequency harmonics in the selfoscillation region. While the later effect is significantly affected by the nonlinear response of the optomechanical system, the analysis of Zaitsev et al. [54] shows that the optomechanical nonlinearity plays a negligible role in softening ω m for the optomechanical system studied here. Rather, this softening is dominantly due to geometric nonlinearities of the deflected nanobeam.
Nonlinear coefficients α 2 and α 3 in Eq. (F1), can be derived from the Euler-Bernoulli equation for a nanobeam with static deflection x, as in Refs. [67, 68] . Using an approximate ansatz for the static nanobeam shape, expressions for α 2 and α 3 can be derived [55] . For oscillations about x, if we group the nanobeam deformations into time dependent and time independent parts according to
where l is the the coordinate running the length of the undeflected nanobeam, the Euler-Bernoulli equation yields Eq. (F1), with nonlinear coefficients
where ρ is the density of the nanobeam material. Note that while α 2 vanishes in a straight nanobeam, it is nonzero in deflected nanobeams (|x| > 0). Assuming that the solution to Eq. (F1) may be written as a combination of harmonic functions, the method of successive approximations [67] [68] [69] shows that to first order the fundamental frequency of oscillation is:
where v is the amplitude of oscillation and α is the effective nonlinear frequency shift coefficient. The first term in brackets is the well known Duffing frequency modification, whereas the second term results from nonlinearities induced by static deflection of the nanobeam.
h. Parameter estimation and comparison with experiment
To compare the model described above with experimentally measured γ m (h), as shown in Fig. 5(c) , a combination of known, simulated and fit parameters were input Table I .
into Eq. (F11), as summarized in Table I and described below. For a given coupler operating condition, the photothermal force, and the resulting γ (h) described by Eq. (F11), scales linearly with ζF. Neither F or ζ are known a priori. However, using finite element simulations to determine F, as well as other parameters such as κ t and R, allows ζ to become the sole fitting parameter when comparing experimental and predicted values of γ (h).
To determine F from finite element simulations, it is necessary to determine whether the nanobeam is in a pre-or post-buckled state. Insight into the buckling configuration of the nanobeam is provided by the observed nonlinear softening at the onset of self oscillations, which is directly proportional to v 2 ( Fig. 5(d) ). From this data and Eq. (F17), the nonlinear coefficient α given in Table I can be measured. Together with Eqs. (F14) and (F15), corresponding nanobeam deflection amplitude of |x| = 98 nm is inferred, in good agreement with x = −122 nm predicted from finite element simulations of the nanobeam in its post-buckled configuration (F i /A ∼ 37 MPa), as shown in Supplementary  Fig. 10(b) . When the nanobeam is in this post-buckled configuration, finite element simulations shown in Supplementary Fig. 10(c) indicate that F = −26 pN/µW (F/k = −0.36 nm/µW). Negative F and x indicate that the photothermal force and nanobeam deflection, respectively, are in the down direction.
Inputing F and other finite element simulated parameters summarized in Table I into Eq. (F11), good agreement between predicted and observed γ m (h) was found for ζ ∼ 0.12 cm −1 . The corresponding optical absorption rate can be described by quality factor Q o = 2π n g /ζλ ∼ 6.6 × 10 5 , where the group index n g ∼ 2.0 of the nanobeam is predicted from numerical simulation. This absorption rate is smaller than combined absorption and radiation loss rates in other single crystal diamond nanophotonic structures [42] .
Given the value of ζ obtained from fitting γ (h), ω m (h) predicted from Eq. (F10) can be compared with measurements. This is shown in Supplementary Fig. 11 , in which the predicted ω m (h) was generated with dω m /dF g as a fitting parameter, and other parameters set as in the model for γ (h) and listed in namic thermal effects are found to be significantly smaller than the maximum experimentally observed shift to ω m . Rather, the monotonic decrease in ω m , which becomes significant for h < 200 nm, follows an h dependence consistent with static tuning by the attractive optical gradient force F g (h) pulling up on a down-buckled nanobeam. This is in contrast to the static thermal tuning described by C t , which is proportional to the power coupled into the nanobeam, and is expected to decrease in magnitude with decreasing h for h < 200 nm. There is good agreement between the model and experimental observation in Supplementary Fig. 11 , however the fit value for dω m /dF g is larger than expected from finite element simulations ( Supplementary Fig. 10(d) ) and predictions of F g (h) (Supplementary Fig. 8 ). As shown in Supplementary Fig. 10(d) , dω m /dF g was found in simulations to be highly variable, spanning over three orders of magnitude, depending on compressive stress and resulting buckling configuration. It is possible that imperfect nanobeam and clamping point shape result in an enhanced sensitivity [68, 70] . For example, including the triangular "arched" clamping points to approximate the fabricated structure, as shown in Supplementary Fig.  10(a) , enhanced dω m /dF g by a factor of ∼ 2 compared to the case of ideal clamping points. Other effects not included here include reflection of light from the end of the waveguide resulting in enhance optical interactions, dynamic and static displacement of the fiber taper due to optical forces [71] , low frequency fiber vibrations and possible parametric driving for small h, breakdown of the coupler two mode representation and the influence of higher-order modes for small h, and short range effects such as the Casmir force [72] .
In conclusion, the analysis presented here serves to illustrate the influence of compressive loading and buckling on the photothermal response of nanobeams, and to show that significant photothermal forces are present at
